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Real time monitoring of the quiescent suspension copolymerization of vinyl chloride with methyl methacrylate in microreactors -Part 3. A kinetic study by raman spectroscopy and evolution of droplet size 
Introduction
The usage of microreactors has increased steadily in the chemical engineering field (Jensen, 2001; Pattekar and Kothare, 2004;  and variability of the real process in a realistic way, microreactors should be regarded as complementary apparatuses for other existing large-scale facilities (Lerou et al., 1996; Wegeng et al., 1996) . It is important to emphasize that microreactors may exhibit characteristic dimensions of the order of millimeters and sub-millimeter (Pattekar and Kothare, 2004; Richard et al., 2013) .
Microreactors find potential use in many applications, including biocatalysis (Fernandes, 2010) , biodiesel production (Sun et al., 2008; Richard et al., 2013) , heterogeneous catalysis (KiwiMinsker and Renken, 2005) , drug synthesis (Kang et al., 2008; Leroyer et al., 2013) , hydrogen production (Pattekar and Kothare, 2004) , photocatalysis (Gorges et al., 2004) and polymerization processes (Bodoc et al., 2012; Bally et al., 2010; Castor et al., 2015 Castor et al., , 2016 Mahadevan et al., 2016) . Following the general principles of the Green Chemistry, microreactors can be used to synthesize and purify organometallic compounds by atomic layer deposition (ALD) and chemical vapor deposition (CVD), allowing for safe operations and production of chemicals with higher degree of purity (Lipiecki et al., 2008 (Lipiecki et al., , 2009 .
Few studies have examined the free radical copolymerization of VCM in the literature. Tables 1 and 2 show the main patents and papers, respectively, regarding both mass and suspension copolymerization of vinyl chloride. It is worth mentioning that almost 81% of the PVC world production is based on suspension polymerization processes (Anon, 2011) . Table 1 also highlights processes copolymerizations with some comonomers such as methyl methacrylate, acrylic acid esters and maleic anhydride. From Table 2 it becomes clear that the elasticity properties of the PVC have been improved when some particular comonomers are used, as reported by Kitamura et al. (1973) and Yong-Zhong et al. (2000) , who also used a multifunctional monomer ethylene glycol dimethacrylate.
The applications of VCM-based copolymers and their characteristics are determined by the chemical nature of the comonomer (Flory, 1953) and their relative the comonomer concentration in the polymer chains. Attempts to cover a wider range of properties of PVC based products certainly involve molar mass changes, which can lead either to a material with difficult processing characteristics (high molar masses/k values) or to a fragile material (low molar masses/k values) (Burgess, 2005) .
Copolymerization of VCM also provide a method for suppressing the formation of anomalous units of the vinyl chloride homopolymer chains. Anomalous entities are formed through rearrangements of the living radical during the reaction. If the cross-propagation step is faster than the isomerization of the living radical, the formation of anomalous structures can be suppressed in the copolymerization systems (Nass and Leonard, 1998) . Müllner and Albert (1967) studied the VCM-propylene copolymerization, and pointed out the difficulty to produce these copolymers with high molar masses due to the high transfer rate to the propylene. In addition, chains with high concentration of propylene are also hard to produce because of the low reactivity between propylene and VCM, producing low reaction rates. Burgess (2005) showed that in order to achieve a propylene concentration of 7.5% in the final copolymer, it would be necessary to use 34% of propylene in the initial mixture with VCM.
By far the most important commercially VCM-based copolymer is based on copolymerization with vinyl acetate (VAc), especially in bulk and solution polymerization processes (Marvel et al., 1942) . One of the main functions of VAc is reducing the viscosity of the final polymer at the expense of smaller "softening point" and, to a lesser extent, worse thermal stability and worse strength of the material. k values usually produced in various compositions are between 40 and 55 (Burgess, 2005; Emmer and Bankoff, 1954) , which makes the processing of the copolymer easier. Bichuch et al. (2003) reported some specific characteristics of the PMMA-PVC copolymer obtained by free radical suspension polymerization, by using a mixture of organic peroxide initiators (lauroyl peroxide with Di-(2-ethylhexyl) peroxydicarbonate). The experimental strategy used by such authors was focused on the feed of small quantities of MMA throughout the reaction course because of the decelerating effect of MMA in the reaction, with low rates of copolymerization (composition of monomer mixture equal to 95% of VCM and 5% of MMA), when compared to the production of homopolymers in the same experimental conditions. According to the these authors, the k-values of the copolymers decrease as the MMA concentration increases (1-20 wt%).
The usage of microreactor to perform copolymerization reactions is relatively recent. Bayer et al. (2000) were described advantages of the microreactor technology in the engineer of polymerization reactions. These authors (Bayer et al., 2000) showed that molar mass distributions are narrower in the experiments carried out in microreactors in comparison to those in macroreactors, possibly because of the more homogeneous reaction conditions and better heat transfer rates. Nielsen et al. (2002) carried out the copolymerization of ethylene with 1-octene, among others reactions, in a microcapillary reactor of 200 ll equipped with an electric heating system. It is also important to report that the use of commercial peroxide multifunctional initiators in free radical polymerizations are restricted to reaction temperatures above 90°C (Benbachir and Benjelloun, 2001; Cerna et al., 2002; Fityani-Trimm et al., 2003; Sheng et al., 2004; Scorah et al., 2004; Galhardo et al., 2013; Soljic et al., 2009 ). Besides, no previous published material reported the use of peroxide multifunctional initiators to produce PVC-based copolymers through any polymerization process (mass, solution, emulsion and suspension). In previous studies, Castor et al. (2015) and Castor et al. (2016) showed that it is possible to monitor the homopolymerization of methyl methacrylate and vinyl chloride droplets in aqueous phase inside microreactors by combining two techniques: Raman spectroscopy and charge-coupled devices (CCD) microscopy. It was also shown that CCD technique makes possible the analysis of the reaction kinetics through monitoring of the evolution of the suspended droplets in quiescent state in microreactors. Based on the previous results, the present work focuses on monitoring the reaction kinetics and the droplet evolution during the suspension copolymerization of methyl methacrylate and vinyl chloride performed at high pressure in microreactors. Raman spectroscopy was used to monitor the kinetics the polymerization, while a high speed CCD video camera was used to monitor the evolution of droplets during the polymerization reactions. The primary objective of study was to investigate the feasibility of using the Raman spectroscopy to characterize the copolymerization kinetics in microreactors at different experimental conditions.
Experimental section

Materials
All reagents were used as received. Double-deionized water was used throughout the work. The vinyl chloride monomer stabilized with 1 ppm of hydroquinone was supplied by Sigma-Aldrich. The methyl methacrylate monomer stabilized with 20 ppm of hydroquinone was supplied by Sigma-Aldrich. Nitrogen gas (N 2 ) was supplied by Air Liquide as an ultra-pure gas and used to keep the inert atmosphere. Poly(vinyl alcohol) (PVA) with degree of hydrolysis of 89% and weight-average molar mass of 79,000 g/mol was used as the suspending agent and was supplied by SigmaAldrich. The peroxide initiators used to perform the polymerization reactions were dilauroyl peroxide (LPO) (minimum purity of 97%, supplied by Sigma-Aldrich), benzoyl peroxide (BPO) (minimum purity of 75% and containing 25% of water, supplied by SigmaAldrich) and 2,5-dimethyl-2,5-di(2-ethylhexanoylperoxy) hexane (Trigonox 141) (minimum purity of 92%, supplied by Akzo Nobel). Acetone with minimum purity of 99.5% was supplied by SigmaAldrich and used to clean vessels and tubes. Tetrahydrofuran (THF) was used as the mobile phase for GPC analyses and was supplied by VETEC Fine Chemicals as a P.A. solvent.
Experimental apparatus
The same experimental apparatus described by Castor et al. (2015 Castor et al. ( , 2016 was used in this paper. Microreactions were conducted in the experimental setup shown in Fig. 1 . The components exposed to VCM, such as tubing and valves (Swagelok), were all made of stainless steel. Aqueous phase and VCM flow rates were ensured by Cetoni GmbH high pressure syringe pumps equipped with high-pressure stainless-steel syringes. The microreactor consisted of fused-silica capillary tubes inserted into a hollow metal block. The metal block was filled with silicone oil and heated from inside by circulating hot oil provided by a thermal bath. At the end of the microreactor setup, a waste vessel was connected to the output line in order to collect the polymerization products and also control the desired back pressure.
The aqueous phase and the organic phase were put in contact with a co-axial generation device, as already shown in previous works (Castor et al., 2015 (Castor et al., , 2016 . The copolymerization of MMA with VCM must be performed in a pressurized system, since vinyl chloride is a gas at ambient temperature, so that the microreactor setup was designed to allow for the maximum working pressure of 30 bar. Aqueous phase and VCM flows were ensured by high pressure syringe pumps equipped with high-pressure stainless-steel syringes.
Experimental procedure
For suspension copolymerization reactions, the apparatus was first purged with nitrogen to avoid any inhibition effect by oxygen. In all experiments described in the present work, the solubilization of initiator in solutions of vinyl chloride with methyl methacrylate was carried out into the syringe pump. The comonomer solution was pumped into the microreactor in order to disperse the organic phase into the aqueous phase. The remaining experimental procedures were conducted exactly as reported in previous works (Bodoc et al., 2012; Castor et al., 2015 Castor et al., , 2016 . At the end of each experiment, the experimental setup was cleaned with acetone.
A set of copolymerization reactions was carried out according to the experimental conditions presented in Table 3 . The concentration of PVA in the aqueous phase was kept constant in all reactions and equal to 0.3 wt%. The main goal of this set of reactions was to evaluate the reaction kinetics with the help of the Raman technique and to compare the performances obtained with different MMA and bifunctional initiator (T141) concentrations in respect 
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to the performances obtained with the monofunctional initiators, using conversion and molar mass data for comparative purposes.
As shown in previous works (Castor et al., 2015 (Castor et al., , 2016 , the concentration of 0.5 wt% (LPO) was taken as a reference for evaluation of active oxygen, which was similar when the concentration of bifunctional initiator (T141) was equal to 0.29 wt%. Both concentrations lead to similar contents of active oxygen, making possible the comparison of polymer productivity obtained with these initiators.
To the best of our knowledge, there are no studies in the open literature regrading the application of the bifunctional initiator T141 in free radical copolymerization with vinyl chloride (mass, solution, emulsion and suspension).
Characterization
Monomer conversion
Raman spectra were obtained with a Raman spectrometer (RXN-1, Kaiser Optical System Inc.), using a near infrared laser diode (400 mW, 785 nm) as excitation source. The Raman spectra were recorded in the range of 3200-200 cm À1 . The microfluidic device was placed under the probe head of the spectrometer without physical contact. The distance between the optical lens and the reactor setup was approximately equal to 1.5 cm, according to the experimental setup shown on Fig. 1 . The acquisition and processing of spectral data were performed with the proprietary software provided by iC RamanTM 4.1 Mettler-Toledo. The probe head was focused on the microchannel with help of a y-z barrel micrometer. Each spectrum was obtained after a total integration time of 45 s (3 scans of 15 s) and the acquisition interval was equal to 120 s, using a laser with nominal output power of 200 mW. Because of the distance between the laser source and the droplets inside the microcapillary, it is estimated that the laser power can be reduced by up to 40%, being influenced by several factors, including the microcapillary thickness and the aqueous phase.
Droplets visualization
The images of the droplets during the polymerization reactions were obtained with help of an Imager Intense CCD camera (LaVision, GmbH, Germany) with a maximum resolution of 1280 Â 1024 pixels. The images were analyzed with the proprietary software Lavision 7.1. Details regarding the operation and applications provided by the software can be obtained from the user manual (LaVision, 2006) . The camera was attached to a binocular microscope Olympus UIS2 (BXFM Olympus microscope system), equipped with an optical lens Olympus LMPL (65Â) for better visualization of the internal content of the microcapillary.
Average molar mass
In order to obtain the samples for GPC analyzes, the polymer particles were taken from the silica tubings and then extracted the polymer materials for GPC analyses. Average molar masses were determined by Gel Permeation Chromatography (GPC) with a Viscotek VE 2001 equipment, using a Viscotek VE 3580 RI refractometer detector and a series of four Phenomenex columns with porosities of 5 Â 10 2 , 10 4 , 10 5 and 10 6 Å. THF was used as solvent at a flow rate of 1.0 ml min
À1
. Calibration was performed with polystyrene standards with average molar masses ranging from 3 Â 10 3 g mol À1 to 3 Â 10 6 g mol À1 and checked against PMMA standards with average molar masses ranging from 3 Â 10 5 g mol À1 to 3 Â 10 6 g mol À1 (given the higher average molar masses of PMMA fractions) with good precision (indicating that corrections were not necessary). GPC analyzes of polymer samples were performed at 40°C and used to evaluate the average molar masses at the end of each reaction.
Results and discussions
3.1. Raman monitoring procedure
As described previously (Castor et al., 2015 (Castor et al., , 2016 , the knowledge about the spectra of the materials that constitute the reaction medium comprises the first stage for the successful monitoring of the process. The methodology used in this work was the same one described in previous works (Castor et al., 2015 (Castor et al., , 2016 . However, some considerations have to be highlighted for the present study.
By taking the peak related to the C@C stretching in both MMA (Castor et al., 2015) and VCM (Castor et al., 2016) , it becomes clear that these peaks do not overlap each other, as demonstrated in Fig. 2 . The distance between the peaks is about 36 cm À1 as the resolution of Raman was equal to 1 cm
À1
. The greater the distance between the peaks, the higher the accuracy of the measurements due to the decrease of the influence of one particular peak over the other. In addition, it can be observed that the MMA spectrum presents peaks with lower intensities when compared to the VCM spectrum at similar conditions (power, focal distance, total integration time, temperature, etc). This difference could be explained by the higher polarity of methyl methacrylate, since tha Raman technique presents greater sensibility and responsiveness in genuinely nonpolar samples (Koenig, 1999) .
The vibrational assignments for methyl methacrylate and vinyl chloride spectra are reported in Table 4 . These vibrational bands were identified with the aid of various published works (Bodoc et al., 2012; Gulari et al., 1984; Edwards et al., 2006; Willis et al., 1969; Liebman et al., 1971; Maddans, 1977; Bowden et al., 1991) . Particular attention must be observed to the peaks located at 1640 cm À1 and 1604 cm À1 . These peaks can be associated with the C@C stretching in both monomers, MMA and VCM, respectively. As studied reported in the literature (Castor et al., 2015 (Castor et al., , 2016 , monitoring of these molecular vibrations indicates the monomer consumption during polymerization reactions. Fig. 3 shows the evolution of the peak area of the carbon-carbon double bond throughout the reaction for both MMA and VCM monomers, respectively. The dispersion of data related to the C@C vibration for MMA can be explained by the low values of the band area measurements at 1670-1770 cm
, which increases its sensibility to the experimental noise during the signal acquisition.
In order to better understanding the phenomena involved in the Raman monitoring of this work, two facts should be highlighted to the reader:
The organic solution MMA/VCM must provide Raman spectra for which the absorbances of the C@C double bonds of each monomer do not overlap. In order to clarify this statement, Table 5 shows the wavelength of the C@C bond of several monomers. Table 6 shows the reactivity ratios for various monomers, considering VCM as the first monomer. Interestingly, it is observed that the VCM reactivity is lower than for the other monomer in the most cases. In a solution mixture of MMA with VCM, the first one might be consumed almost completely before the end of the copolymerization, or even before the VCM reaction, which is explained by the high reactivity of MMA. Fig. 3 shows that MMA is completely depleted at very low VCM conversions. Fig. 4 shows the evolution of the particular Raman bands when 5 wt% of MMA were added into the initial reaction mixture. This result indicates how those bands behave throughout the reaction, especially in the wavelength of the CACl bond, related to the following bands 380-420 cm À1 , 590-670 cm À1 and 670-740 cm À1 .
Comparing this result with those observed for MMA and VCM homopolymerizations, it becomes clear that the bands at 380-420 cm À1 and 590-670 cm À1 present similar behavior during the MMA/VCM copolymerization (see Table 4 ).
In relation to the Raman band at 670-740 cm À1 , which was used as a reference peak for monitoring the VCM polymerization (Castor et al., 2016) , it is important to observe that it does not overlap on any other MMA Raman band. However, as observed in Fig. 4 , 
Table 4
Raman bands observed in VCM and MMA spectra (Bodoc et al., 2012; Gulari et al., 1984; Edwards et al., 2006; Willis et al., 1969; Liebman et al., 1971; Maddans, 1977; Bowden et al., 1991 Fig. 3 . Evolution of the peak areas of the carbon-carbon double bond during the experiment E2 for both monomers, MMA and VCM.
Table 5
Raman band of the carbonAcarbon bond for various monomers (McCreery, 2000; Koenig, 1999; Joyner and Glockler, 1952 ------.. '
the band (670-740 cm À1 ) decreases its intensity until the beginning of the gel effect, differently the PVC kinetics (Castor et al., 2016) , where such Raman band was subject only to smooth changes. Then, after the onset of the gel effect, it is observed that the band at 670-740 cm À1 remains constant until the end of the copolymerization. Here, two possible scenarios cab be provided:
(1) The CACl bond may have been consumed during the copolymerization. (2) The change in the internal composition of the droplet causes changes in the optical properties of the medium during the reaction so that such effect is captured by the Raman technique. The second explanation is more likely because these optical effects were shown to occur with the help of images provided by the CCD camera.
In conclusion, by using the Raman band at 670-740 cm À1 as an internal reference for the normalization, one can obtain the conversion data of the copolymerization, as shown in Fig. 5 . In addition, in order to obtain the copolymer composition, the evolution of the C@C band is shown for MMA. As discussed earlier, MMA is completely consumed in the first 90 min of the reaction. This can be explained by the reactivity ratios (see Table 6 ). With regard to the VCM conversion, the same internal reference used previously (Castor et al., 2016) was used here. It is possible to affirm that, after 100 min of the reaction (E2), the copolymer has 5% of PMMA and 2% of PVC, approximately. At the end of the Experiment E2, a copolymer composition with 5% of PMMA and 90% of PVC can be obtained. It is important to note that the final polymer mixture is formed essentially as a blend of PMMA and PVC, as the data from Raman spectroscopy suggest. In order to calculate the copolymer composition in all experiments, the Raman band at 670-740 cm À1 was used as a internal reference, as carried out in the previous work with pure PVC (Castor et al., 2016) .
Suspension polymerization reactions
3.2.1. Polymerization kinetics From the Fig. 5 one can observe that the copolymerization kinetics is slower if compared to the homopolymerization reactions of MMA (Castor et al., 2015) and VCM (Castor et al., 2016) , which can be explained by the reactivity ratios, according to the data shown in Table 6 . Furthermore, this copolymerization kinetics is dominated by slower rates of propagation. In order to better understand this statement, Fig. 6 shows kinetic data for the MMA and VCM homopolymerizations and for the copolymerization, Experiment E2, all performed as similar reaction conditions.
The strong influence of only 5 wt% of MMA can be observed in the copolymerization with VCM. The strong modification of the copolymer composition throughout the reaction indicate that the copolymer is substantially non-uniform, probably forming a blend of polymer of different compositions. This non-uniformity might be solved by adding the MMA in semi-batch mode, which is beyond the scope of present work. 
Conversion (%)
Time (min) Fig. 6 . Conversion data for MMA and VCM homopolymerizations and MMA/VCM copolymerization.
Table 6
Reactivity ratios, assuming that the vinyl chloride is the first monomer (r 1 ) (Brandrup et al., 1999; Burgess, 2005; Nass and Leonard, 1998 . .
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In order to better understand how each monomer affects the chain transfer during the course of the copolymerization, Table 7 shows the constant values for chain transfer as function of the temperature as obtained from the literature (Brandrup et al., 1999; Starnes et al., 1998) . These values show that the molar mass of the MMA/VCM copolymer is probably controlled by chain transfer to the VCM. As conversion increases, the MMA is rapidly consumed and the relative amount of propagating radicals increase, as a result, the reaction accelerates. This acceleration is similar to the gel effect in a free-radical polymerization of methyl methacrylate. Fig. 7(a) shows the effect of the MMA concentration on the vinyl chloride suspension copolymerization kinetics by using 0.29 wt% of the bifunctional initiator T141, at 70°C. Once again, it is observed the retardant effect of the MMA on the copolymerization with VCM. The increase from 5 to 10 wt% of MMA extended the reaction in about 120 min. The same result is obtained when a monofunctional initiator was used, as shown in Fig. 7(b) , considering the same active oxygen concentration. This result is similar to others published in the literature (Bichuch et al., 2003) ; however, using macroreactor volumes ranging from 3 to 5 l at low temperatures (60°C) with a mixture of monofuntional initiators (PD and LPO). As a conclusion, the chemical nature of the MMA is determinant to the kinetics of the copolymerization with VCM, regardless of the type of initiator used. Table 8 shows the average molar mass and dispersity results of homopolymer PVC (Castor et al., 2016) by using the bifunctional initator T141. Basically, it is observed that the results are almost the same, which is due to the chain transfer to the VCM. By using the monofunctional initiators LPO and BPO, larger differences in the M w and M n values can be observed when the MMA concentration is increased in the initial mixture (see Table 9 ), but still similar to the other results presented above.
It is likely that the small differences in the molar mass of the copolymers can be explained in terms of the large difference between the chain propagation constant of both monomers and the controlling effect exerted by chain transfer to VCM. In addition, the cross termination is usually favored in free-radical copolymerizations. But the dominant effect is exerted by the chain transfer to the VCM.
As concluded earlier, the copolymerization kinetics of the MMA/VCM is independent of the type of initiator used. In order to evaluate the effect of the different initiators in respect to the their functionality, Fig. 8 shows the conversion data obtained with the initiators LPO, BPO and T141 for different compositions of MMA. As expected, the same qualitative behavior can be observed for the copolymerization of VCM regardless of the initial concentration of the MMA in the reaction medium. Table 10 shows the average molar mass and dispersity results when different initiators were used in the MMA/VCM suspension copolymerization. The bifunctional initiator seems to cause a small increase of the average molar mass for constant copolymer composition. Furthermore, dispersity data obtained with the T141 were lower than others for the same initial composition of MMA (5% and 10%). This is probably related to the bifunctional character of T141, as it is known that bifunctional initiators can lead to decrease of the dispersity index in polymerizations controlled by chain transfer to monomer (Castor et al., 2016) .
The temperature effect on copolymerization kinetics with 5 wt% MMA/95 wt% VCM is shown in Fig. 9 . The increase of 5°C on the reaction temperature it caused a significant effect on the kinetics with the bifuncional initiator T141, decreasing the reaction time in about 160 min. Among the other variations (type of initiator Table 7 Chain transfer values (Cm) for both VCM and MMA (Brandrup et al., 1999; Starnes et al., 1998 
.5 wt% and initial composition of the reacting mixture) carried out in the MMA/VCM copolymerization, the temperature increase was the most significant one. Furthermore, the possible production of MMA/VCM copolymers should be conducted at higher temperatures.
Monitoring of droplets/particles volume
As reactions were conducted with the droplets dispersed in the aqueous phase inside the microcapillary in quiescent state, the effects of agitation were removed. That means that break-up and coalescence phenomena were not present. In order to understand the behavior of the reacting droplets (MMA/VCM) during heating of the microreactor, photographs were taken and analyzed according to the methodology previously described. Fig. 10 shows the evolution of the droplets as function of the temperature, obtained by the CCD camera in the experiment E2. Due to the presence of MMA, the increase of the refraction index can be noted, as reported in the literature (Castor et al., 2016) , being possible to visualize the droplets from 20 to 60°C (Fig. 10  (e) ). The refraction index of the mixture increases with the MMA concentration inside the droplets. In addition, the droplets with MMA and VCM increase with temperature because of the decreasing densities as observed in Fig. 11 .
It is well known that the production of free-radicals through initiator decomposition is accelerated as the temperature increases. During the heating phase, some small property changes might start to occur inside the droplets. It is shown that the droplets volume decrease start to decrease when the microreactor reaches 69°C (Fig. 11(a) ). It can be considering, from these results, that the polymerization reaction started at this point. This particular behavior on the droplets was observed in all experiments carried out in this work.
It is observed in Fig. 11 similar profiles of the variations of droplets volume in others homopolymerizations performed in microreactors (Castor et al., 2015 (Castor et al., , 2016 . However, due to the presence of the MMA, the droplets undergo a greater decrease of the volume after all MMA is consumed, after two hours, approximately for experiment (E4). This result supports our conclusion that MMA acts as a retarding agent in the copolymerization with the VCM. It is interesting to note the marked increase in volume in a wide range of conversion during the copolymerizations, which can not be explained only by density variations in the reaction medium. Fig. 12 shows a set of photos taken during the course of the copolymerization with 5 wt% MMA/95 wt% VCM and using a monofuntional initiator BPO. Unlike the homopolymers PMMA and PVC obtained in microreactors (Castor et al., 2015 (Castor et al., , 2016 , the MMA/VCM suspension copolymerization presents a very particular characteristics related to morphological evolution of the droplets. At the beginning of the process, one can observe the formation of a film around the droplets, which is supposed to be formed by a graft copolymer of poly(methyl methacrylate)/poly(vinyl alcohol). The formation of this membrane already been proposed in the literature of suspension polymerization processes (Burgess, 2005) . This phenomenon was observed in all polymerization reactions in microreactor conducted in this work.
At a certain instant of time the formation of a small core in the middle of the droplets can be observed. The formation of this core . .. . ..
is surprising and has never been described before in any suspension polymerization systems. The formation of this core may be related to the precipitation of the initially formed MMA-rich polymer chains, as PMMA and PVC are not compatible (Burgess, 2005) . As consequence, the liquid that makes up the core may be formed by the vinyl chloride. This assumption is based on the evolution of a single isolated droplet, as presented in Fig. 13 . While PMMA concentration increases, the volume of the core also increases, which can be easily seen in Fig. 13 . This phenomena is also observed in Fig. 11(b) where the volume of the original droplet decreased 9% after consuming all MMA monomer from the reacting medium. This assumption is related to the increased opacity around the nucleus. The interpretation adopted here is consistent with the fact that the PMMA is not soluble in VCM. After consuming all MMA, there has been a change of coloration within the nucleus probably caused by precipitation of the PVC chains (see Fig. 12(d) ). Then, the entire particle becomes turbid, indicating a generalized formation of PVC. These phenomena identified in Experiment E4 also occurred in all copolymerizations that contained an initial solution of 5 wt% MMA/95 wt% MVC, regardless of the type of initiator and its concentration. In respect to the 10 wt% MMA/10 wt% MVC copolymerization, Fig. 14 shows a set of photos from the microreactor during the heating of the system. The visualization of the droplets was similar to that one described earlier, with similar increases in volume, as shown in Fig. 15 . .. 
Regarding the behavior of the droplets volume in the vinyl chloride copolymerization with 10 wt% MMA, the profiles were similar to the ones observed with 5 wt% of MMA, according to the data results in Fig. 15(b) . However, since this reaction has a higher concentration of MMA, the retarding effect caused by this monomer was higher; as a consequence, the period for volume decrease was prolonged. Interestingly, while 5 wt% of MMA caused a decrease in the droplets volume of 9% until total consumption of this monomer, the volume of the droplets decreased only 5% of the initial volume when 10 wt% of MMA was used in the copolymerization. These data may, however, be affected by small inaccuracies of measurement, as already discussed.
The evolution of the droplets volume as a function of the PVC conversion, Fig. 15(c) , providing similar profiles in respect to those observed in other homopolymerizations (Castor et al., 2015 (Castor et al., , 2016 and copolymerizations presented in this work. A high volume decrease can be observed the beginning of the gel effect, when the volume remains constant (or even presents a smooth increase) until the beginning of the vitreous effect (or a total consumption of the monomer phase within the droplets). Then, the droplets/particles volume decreases smoothly until the end of the copolymerization. The final volume should be defined in terms of the porosity characteristics desired by the manufacturer.
The evolution of droplet morphology observed with 10 wt% of MMA was similar to the one observed with 5 wt% of MMA, see Fig. 16 . The schematic illustration, shown in Fig. 17 , shows that the internal composition of the core is mainly composed of vinyl chloride. It is assumed that the part of the PMMA chains in the copolymerization grows on the droplet surface due to the grafting process with the PVA chains. The growth of the core is assumed to occur due to the diffusive flux of the vinyl chloride during the increase in concentration of PMMA between the droplet surface and the core as a consequence of the not-solubility of PMMA in VCM.
Assuming that the proposed interpretation is correct, the kinetic model of the MMA/VCM copolymerization can be very different from the homopolymerization of VCM through the formation of an additional thermodynamic phase.
Conclusions
The implementation of Raman spectroscopic technique has been successful for monitoring suspension homopolymerizations of monomers MMA and VCM as well as the MMA/VCM copolymerization. Raman spectroscopy was shown to be a powerful tool to monitor polymerization reactions, being sensitive to the usual variations of the most important process variables, such as mixture of monomers, the initiator type, initiator concentration, mixture of initiators and the reaction temperature. It was also shown that the selection of an adequate internal reference allowed for the successful monitoring of the monomer conversion with the proposed Raman technique. The technique was also able to determine the evolution of the composition in a copolymerization process, since characteristic bands of the double bonds of the monomers do not overlap, as well as their respective internal references used for normalization of the conversion data.
A very interesting result is that, among the many variations imposed on the copolymerization system (type of initiator and initial composition of the reactant mixture), an increasing of the process temperature was the most significant one. Thus, the possible production of MMA/VCM copolymers should probably be conducted at higher temperatures. It was also possible to relate the reaction kinetics with the evolution of the droplets volume during both the homopolymerizations and copolymerizations. It was shown that the volume changes are not directly affected by the conversion, and other relevant effects maintain constant volume for long conversion ranges. Finally, our findings showed the formation of a distinctive structure in the MMA/VCM copolymerization probably formed by a separate core of VCM from the PMMA formation, whose phenomenon greatly differs from the homopolymerization of VCM and has never been described before.
